The inverted growth of III-V solar cells presents some specific challenges that are not present in regular, non inverted growths. Because the highly doped top contact layer is grown first, followed by the lengthy high temperature growth of the remainder of the structure, there is ample time for the dopants in the contact layer to diffuse away. This leads to an increase in the contact resistance to the top layer, and a corresponding drop in voltage. The diffusion of dopants in other layers is similarly altered with respect to the non-inverted configuration because of the change in growth sequence.
INTRODUCTION
Inverted growth of III-V solar cells has become technologically important in the past five years. While the normal, upright configuration involves growing the thick base layer followed by the thinner emitter, in the inverted configuration the emitter is grown first. For an inverted multijunction cell, the top subcell is grown first, followed by the middle and bottom subcells, and after bonding the epilayers to a secondary handle such as silicon, the original substrate is removed to expose the top surface of the solar cell. One attractive feature of the inverted growth is that it may enable the recovery and reuse of the original substrate. Another feature is that it allows the bottom subcell to be grown mismatched with respect to the substrate. As demonstrated recently by Geisz et al. [1] in a triple junction GalnP/GaAs/GalnAs solar cell, enhanced performance may be achieved by lowering the bandgap of the bottom subcell, which involves growing those layers in compression. Even with graded layers to overcome the mismatch, in the upright configuration the additional dislocations in the bottom subcell may propagate up through the structure and adversely affect the top two junctions. In the inverted configuration, on the other hand, the unstrained top and middle subcells are grown lattice matched and nearly defect-free, and then the transparent, graded layer and mismatched bottom subcell are grown. The cells in reference 1 demonstrated conversion efficiencies of 38.9% under 80 suns concentration.
978-1-4244-1641-7/08/$25.00 ©2008 IEEE The inverted growth process presents some challenges to the cell designer, however, which can severely limit the ultimate performance of the device. In a typical solar cell the emitter is thin and heavily doped, while the base is much thicker and more light~ doped (typical values may be 0.1 !-1m and 2x10 18 cm-for the emitter, 3 !-1m and 1x1017 cm-3 for the base). The top contact layer is also thin and heavily doped to reduce the contact resistance. When grown inverted, the emitter, window and contact layers are subjected to a lengthy period at high-temperature as the remainder of the structure is grown, in what is essentially an annealing process. During this anneal, the dopants in these layers may diffuse into the more lightly doped layers of the structure. This can be a serious problem for the solar cell. Changes in the dopant levels lead to changes in the conductivities of the various layers, which may lead to increased series resistance and a lower fill factor, and consequently a lower operating power. Furthermore, because the depth and width of the junction are sensitive functions of the carrier concentrations, as the dopants diffuse away from their optimum positions the quantum efficiency will generally decrease and lead to a lower short circuit current; the open-circuit voltage may also be affected by the junction profile.
GROWTH DETAILS
In this paper, we explore directly the problem of atomic diffusion in inverted growths. We have fabricated sets of identical GainP topcell structures, with some samples grown upright and others inverted, and characterized the atomic distributions in each. The samples were processed into solar cells to allow for a direct comparison of the performance and a measurement of the contact resistance.
Our cells were grown in a vertical atmospheric pressure organometallic vapour phase epitaxy (OMVPE) reactor. Trimethylgallium, triethylgallium, trimethylindium, trimethylaluminum, arsine and phosphine precursors were used to synthesize the alloy epilayers. For the nitrogen-containing contact layers, dimethylhydrazine (DMH) was used as a precursor. Diethylzinc and hydrogen selenide were used as the dopants. The cells were grown at 650°C, except for the nitrogen-containing layers which were grown at 570°C [2] . Growth conditions are similar to those described elsewhere [1, 3] . The layer structures for upright and inverted cells are shown in Figure 1 . The nominal structure is the same between the upright and inverted samples, and the corresponding layers were grown under the same conditions of temperature, rate and VIlli ratio. All samples
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ABSTRACT
The inverted growth of III-V solar cells presents some specific challenges that are not present in regular, noninverted growths. Because the highly doped top contact layer is grown first, followed by the lengthy hightemperature growth of the remainder of the structure, there is ample time for the dopants in the contact layer to diffuse away. This leads to an increase in the contact resistance to the top layer, and a corresponding drop in voltage. The diffusion of dopants in other layers is similarly altered with respect to the non-inverted configuration because of the change in growth sequence. We compare the dopant profiles of inverted and non-inverted structures by using secondary ion mass spectroscopy and correlate the results with the observed performance of the devices. We also describe a technique for growing a GainAsN contact layer in the inverted configuration and show that it achieves a specific contact resistance comparable to what is normally observed in non-inverted cells.
INTRODUCTION
Inverted growth of III-V solar cells has become technologically important in the past five years. While the normal, upright configuration involves growing the thick base layer followed by the thinner emitter, in the inverted configuration the emitter is grown first. For an inverted multijunction cell, the top subcell is grown first, followed by the middle and bottom subcells, and after bonding the epilayers to a secondary handle such as silicon, the original substrate is removed to expose the top surface of the solar cell. One attractive feature of the inverted growth is that it may enable the recovery and reuse of the original substrate. Another feature is that it allows the bottom subcell to be grown mismatched with respect to the substrate. As demonstrated recently by Geisz at al. [1] in a triple junction GalnP/GaAs/GalnAs solar cell, enhanced performance may be achieved by lowering the bandgap of the bottom subcell, which involves growing those layers in compression. Even with graded layers to overcome the mismatch, in the upright configuration the additional dislocations in the bottom subcell may propagate up through the structure and adversely affect the top two junctions. In the inverted configuration, on the other hand, the unstrained top and middle subcells are grown latticematched and nearly defect-free, and then the transparent, graded layer and mismatched bottom subcell are grown.
The cells in reference 1 demonstrated conversion efficiencies of 38.90/0 under 80 suns concentration.
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The inverted growth process presents some challenges to the cell designer, however, which can severely limit the ultimate performance of the device. In a typical solar cell the emitter is thin and heavily doped, while the base is much thicker and more lightll doped (typical values may be 0.1 JJm and 2x10
18 cm-for the emitter, 3 JJm and 1x10 17 cm-3 for the base). The top contact layer is also thin and heavily doped to reduce the contact resistance. When grown inverted, the emitter, window and contact layers are subjected to a lengthy period at high-temperature as the remainder of the structure is grown, in what is essentially an annealing process. During this anneal, the dopants in these layers may diffuse into the more lightly doped layers of the structure. This can be a serious problem for the solar cell. Changes in the dopant levels lead to changes in the conductivities of the various layers, which may lead to increased series resistance and a lower fill factor, and consequently a lower operating power. Furthermore, because the depth and width of the junction are sensitive functions of the carrier concentrations, as the dopants diffuse away from their optimum positions the quantum efficiency will generally decrease and lead to a lower short circuit current; the open-circuit voltage may also be affected by the junction profile.
GROWTH DETAILS
In this paper, we explore directly the problem of atomic diffusion in inverted growths. We have fabricated sets of identical GainP topcell structures, with some samples grown upright and others inverted, and characterized the atomic distributions in each. The samples were processed into solar cells to allow for a direct comparison of the performance and a measurement of the contact resistance. Our cells were grown in a vertical atmospheric pressure organometallic vapour phase epitaxy (OMVPE) reactor. Trimethylgallium, triethylgallium, trimethylindium, trimethylaluminum, arsine and phosphine precursors were used to synthesize the alloy epilayers. For the nitrogen-containing contact layers, dimethylhydrazine (DMH) was used as a precursor. Diethylzinc and hydrogen selenide were used as the dopants. The cells were grown at 650°C, except for the nitrogen-containing layers which were grown at 570°C [2] . Growth conditions are similar to those described elsewhere [1 ,3] . The layer structures for upright and inverted cells are shown in Figure 1 . The nominal structure is the same between the upright and inverted samples, and the corresponding layers were grown under the same conditions of temperature, rate and VIlli ratio. All samples 2.5
1.01,~~:-il Table 1 . For the QE measurement, the reflectance was measured simultaneously with a calibrated photodiode. All data are unofficial.
higher than the corresponding doping levels in the upright 1B. In the second set of cells the base doping level is higher in the upright cell 1C, while the emitter doping levels are comparable. The contact to 1D was found to be non-Ohmic. We have analyzed the depth profiles of the cells in the first set with secondary ion mass spectroscopy (SIMS), using a Cs+ source for the primary sputtering beam. Figure 3 shows the selenium, zinc and arsenic profiles for samples 1A and 1B. The concentrations of the selenium and zinc were calibrated by measuring ion implant standards to obtain relative sensitivity factors for the various alloys; the arsenic levels are shown as the measured count rates. The vertical lines give the
were contacted on top and bottom with electroplated gold [4] . After growth in the inverted configuration, the epilayers were bonded with epoxy to a silicon handle and the original GaAs substrate was removed. For the final, processed configurations, the only external difference between the two sets of samples is that in the upright samples the bottom contact is made through the doped substrate while in the inverted sample the bottom contact is made directly behind the cell, as shown in Figure 1 .
SOLAR CELL CHARACTERISTICS Figure 2 shows the current-density-voltage characteristics and internal quantum efficiencies for five different cells whose properties are listed in Table 1 . The JV curves were measured on an XT-10 solar simulator using a GainP reference cell calibrated for the lowAOD direct spectrum. The reflectance was measured simultaneously with the QE, using a calibrated photodiode. The growth process and doping levels for cells 1A and 1B were optimized for an inverted configuration. This is reflected in the QE data where both the peak and the blue response are better in the inverted cell (red curve) as compared to the upright cell (green). Voc and the fill factor are also lower for 1B. The cells 1C, 1D and 1E were optimized for an upright configuration, and correspondingly the QE for the upright cell 1C (blue) is better than the inverted cells 10 (purple) and 1E (black). The JV curve 10 shows clear non-ideal behaviour which we attribute to the poor contact resistance of the top contact. 1E is identical to 1D except that the top contact includes GalnAsN, similar to 1A, and the JV curve for this cell does not exhibit the non-ideality. Voc and the fill factor for 1D and 1E are both lower than the respective values for 1C. The QE data show that the bandgaps of all five cells are indistinguishable to within measurement error. These data illustrate that the same recipe grown upright and inverted can lead to a difference in performance between the cells.
Noteworthy in Table 1 are the differences in doping levels for corresponding cells. Both the emitter and base doping levels in the inverted 1A are significantly Table 1 Measured parameters for five inverted and upright solar cells. The top two cells were optimized for an inverted growth, the bottom three cells were optimized for an upright growth. Rs is the emitter sheet resistance (determined from Hall); Rc is the specific contact resistance to the contact layer (TLM); The emitter and base dopings were determined from Hall and CV measurements. Most of the parameters for 1D were not measurable. The last sample, 1E was the same as 1D except that the top contact included GalnAsN. approximate locations of the layer interfaces. The inverted sample was analyzed after it was processed, so that the growth direction is left-to-right, while the growth direction for the upright sample is right-to-left.
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Comparing the selenium levels between the two samples, the concentration is nearly an order of magnitude higher in the Zn-doped base of the inverted sample. Because the selenium contact and window layers are grown before the base in the inverted sample, the dopant may diffuse out of these layers during the lengthy growth of the base. In the upright sample, on the other hand, there is relatively little time for diffusion out of the contact layers. The metallurgical concentrations in the contact layers are lower in the inverted sample, relative to the upright, despite the same growth conditions, which suggests a significant amount of out-diffusion.
The long selenium tail may also result from a memory effect in the growth reactor [5] . Selenium tends to coat the reactor walls and slowly desorb after the flow is turned off, leading to a gradually decreasing incorporation in the inverted sample. In the upright sample, the selenium flow is not turned on until after the base is fully grown. While the turn-on transient time of the selenium may affect the profile in the emitter, there is little opportunity for a memory effect to affect the profile in the base of the upright sample.
The zinc levels in the base are near the detection limit of the instrument, so it is difficult to determine if there is significant diffusion in the base. The zinc level is consistent with the concentrations extracted from capacitance-voltage measurements. In both cells there is no diffusion of zinc into the emitter and contact regions, though there does appear to be a small zinc tail at the back of the base of the upright cell, adjacent to the backsurface field (BSF). In this upright sample the BSF is effectively annealed during the growth of the base and some zinc diffusion might therefore be expected. As with the selenium in the inverted cell, it is impossible to determine whether the small zinc tail is primarily the result of diffusion or a memory-effect.
The junction in the inverted sample has formed significantly deeper than in the upright sample because of the elevated selenium level in the base region. However, the selenium doping level in the window layer of the upright sample is lower than in the inverted sample. The window layer is not explicitly doped during growth to avoid incorporating contaminants during the growth of the aluminum-containing layer, and instead relies on diffusion from the adjacent layers. It is not unexpected that the dopant concentration will be different between the upright and inverted cells. While the lower window doping of the upright cell increases the series resistance, as can be seen in Table 1 , it also diminishes the front surface passivation. Therefore, despite the deeper junction, we observe a higher blue response in the quantum efficiency of the inverted sample in Figure 2 . The SIMS data also show that the upright cell is approximately 0.15 JJm thinner than the inverted cell, as evidenced by the shift in position of the back-surface field layer. While we cannot rule out an apparent shift in position due to non-uniformities in the growth, the shift is consistent with zinc diffusion during the remaining growth time. Since neither cell is optically thick the thinner upright cell absorbs less light, and therefore the red-response of the QE is found to be slightly lower in Figure 2 . We also observe elevated arsenic levels in the GainP base region of the inverted sample, where no arsenic is expected. It is likely that the excess arsenic is a memory effect, coming from remnant molecules of the arsine precursor that have not been flushed from the system or are slowly desorbing from the reactor walls, though from the data we cannot conclusively rule out arsenic diffusion. It is not clear what effect, if any, the excess arsenic has on the cells' performance.
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CONTACT LAYER
The selenium concentration in the contact layers is comparable in the two samples (1 A and 1B), to within a factor of two, despite the difference in time at elevated temperatures. The measured specific contact resistances to these layers were similarly comparable, at 0.11 and 0.088 mn-cm 2 for the upright and inverted structures, respectively.
Contacting the top of the finished cell presents an especially important challenge in the inverted design, because any additional contact resistance translates directly into a loss in the fill factor at high concentration. In an upright cell, GaAs can be doped with selenium to a level of approximately 10 19 cm-3 , to which excellent electrical contact is possible. In an inverted growth, however, where this layer is grown early in the structure, the selenium diffuses away from the contact layer and the contact resistance is found to be appreciably larger. The problem may be overcome by using a dilute 978-1-4244-1641-7/08/$25.00 ©2008 IEEE nitride alloy (GalnAsN) that appears to bind the selenium dopants more tightly and raise the carrier concentration; in Figure 3 , the selenium concentration in the GainAsN alloy  is approximately 5x10  19 cm-3 , an order of magnitude higher than in the adjacent GaAs layers. To investigate this phenomenon more carefully, we grew a set of upright test structures consisting of 0.5 JJm of GainP and 0.1 JJm of either a GaAs or a GainAsN layer, all selenium-doped. In half of the samples, we grew an additional 2 JJm of GainP over 30 minutes to simulate the high temperature growth of the inverted top cell. The measured specific contact resistances (Rc) are listed in Table 2 . Samples 2A and 2C simulate upright cells with the contacting layer grown last. Samples 2B and 20 simulate inverted cells with the contacting layer grown first. In the samples with only a GaAs contact, Rc increases by a factor of -150 when the growth includes the high temperature anneal (2B). The bare GainAsN alloy layer (2C) has comparable Rc to the GaAs layer (2A), while in the two "annealed" samples, the nitride layer (20) performs better than the GaAs layer (2B) by a factor of 100. Indeed, Rc of sample 20 is nearly equal to that of sample 2A, despite the lengthy anneal. While the bandgap of the dilute nitride alloy is approximately 1.1 eV, it is etched away everywhere but under the contact metal and therefore does not absorb any incident light. This innovation was a key factor in the success of the inverted cell described in reference 1.
SELENIUM DIFFUSION IN GainAsN
We have attempted to understand more clearly the behaviour of the selenium in the GainAsN alloy. Several authors [6, 7] have demonstrated that the presence of nitrogen in the lattice leads to an elevated carrier concentration. Yu at al. attributed the increase to a pair of effects [6] : the nitrogen bonding leads to an anticrossing of the conduction band, thereby splitting the band and effectively lowering the bandgap [6] . The reduced curvature of the lower conduction band leads to an increase in the electron effective mass and therefore an increase in the density of states at the conduction band edge.
We have conducted a set of experiments to investigate the diffusion of selenium in and out of GalnAsN. The concentration of nitrogen in the lattice was approximately one percent; the inclusion of two percent indium restored the alloy to the lattice-matched condition. We grew test structures as follows: on a chromium-doped GaAs substrate, we grew 2 JJm of either undoped GaAs or undoped GalnAsN, followed by 0.1 JJm of either Se:GaAs or Se:GalnAsN, followed by a thin layer of undoped GalnP. Four of the samples were then annealed for an additional 30 minutes at 650°C under a phosphine overpressure. This temperature corresponds to the nominal growth temperature of the middle and bottom subcells in the triple junction of reference 1. The remaining unannealed samples served as controls to evaluate the as-grown properties. The selenium-doped layers act as source layers, and by growing them at the end there is diffusion layers are the same), we find that in the case of GaAs the selenium readily diffuses, whereas in the case of GainAsN the selenium does not diffuse at all.
The electrical characteristics of these samples are also displayed in Table 3 . The GainP cap layer was etched away before TLM and Hall patterns were fabricated. Because the SIMS data show that the selenium is largely confined to the doped source layer, we may consider the electrical measurements to be probes of the characteristics of mainly that layer. The contact resistance of the pairs 3A-3B and 3C-3D, with GaAs contact layers, increases substantially upon annealing, whereas the contact resistance for 3E-3F and 3G-3H which have a GainAsN contact layer remain very low even after annealing. This trend is consistent with the earlier findings in Table 2 , where the GainAsN contact resistance was much more resilient under annealing than the GaAs contact resistance.
The mobilities of the annealed GainAsN layers (except for 3G, as discussed below) are much lower than for the GaAs layers. As argued by Yu et a/. [6] , the reduced curvature of the conduction band leads to an Figure 4 SIMS data for the GainAsN test structures. The specifics for each of the different structures are described in Table 3 . The inset shows the same data on a linear scale. Table 3 Source and diffusion layers for study of selenium diffusion in GalnAsN. The sheet concentration n20, sheet resistance Rs and mobility I.l were derived from a Hall measurement; the specific contact resistance Rc was derived from a TLM measurement.
limited possibility for diffusion before the explicit anneal, and no possibility for a turn-off memory effect to influence the dopant profile. The samples are identified in Table 3 . Six of the eight samples were analyzed with SIMS in the same manner as described above, but with a slower sputtering rate; the data are shown in Figure 4 . The concentrations of selenium were normalized with respect to a selenium-implanted GaAs calibrated reference sample [8] .
The unannealed control sample 3A (blue) shows the extent of the selenium diffusion during the growth of the basic Se:GaAs/GaAs structure. 3B (purple) shows the additional diffusion in this structure after 30 minutes of annealing. The selenium has diffused to a greater depth, and the concentration in the source layer has been reduced. Comparing these samples with the unannealed control sample 3C (black) in which the diffusion layer is replaced with undoped GainAsN indicates that the selenium has no inclination to diffuse into the nitride layer. Even upon annealing for 30 minutes (3D), no additional selenium is found to diffuse; the profiles of 3C and 3D (green) are nearly identical, and the concentrations in the source layer are nearly the same as in 3A.
All four of these samples show a selenium concentration of -7x10 18 cm-3 in the undoped GainP cap layer. By contrast, the two samples 3F (yellow) and 3H (red) in which the source layer was GainAsN show a lower concentration of -2.8x10
18 cm-3 in the cap layer. This is a larger relative difference than the relative difference in concentration in the source layer. It is likely that the initial incorporation of selenium into GainAsN differs from the incorporation into GaAs under similar growth conditions, which accounts for the difference in source-layer concentrations between 3A and 3H, for example. The larger difference in concentrations in the GainP layers must therefore be related to diffusion. This further suggests a strong binding of the selenium in the nitride layer, regardless of the composition of the adjacent layers.
Finally, comparing the annealed samples 3B (purple) and 3F (yellow) in which the alloy has the same composition throughout the structure (ie. the source and increase in the effective mass, which leads to a decreased mobility. Table 3 also shows that the electron density is higher in the GainAsN layers as compared to the GaAs layers, which would tend to lower the sheet resistance. Therefore the observed increase in the sheet resistance Rs in the GainAsN layers is most likely dominated by the reduced mobility rather than the change in electron density. The fact that the mobility changes by a factor of two for pairs 3A-3B and 3E-3F, whereas it remains constant for pairs 3C-3D suggests that in the former cases, where the alloy composition does not change, the current pathway probes the diffusion layer to the extent that selenium diffuses there. In the cases of 3C-3D, it appears that the current is confined to the GaAs source layer, in agreement with the SIMS data. It is not clear why the mobility of the unannealed sample 3G is so large, or the sheet density so low. It is possible that the GainP cap layer was not completely etched away, though we would expect the contact resistance to be much higher if that were the case. It is also possible that the current pathway is more complex than simply going through the GainAsN source layer, though this seems improbable given the data on sample 3H, and the similarities in Rs and JJ between 3E, 3F and 3H.
The changes in electrical characteristics of the GaAs/GaAs samples correlate well with the SIMS data. On the contact side of the source layer (left side in Figure 4 ) the concentration of 3B is everywhere lower than 3A, and presumably so is the electrically active concentration. The SIMS data do not, however, readily explain the change in the GaAs/GalnAsN samples, for in that case the SIMS data are nearly identical. We speculate that while the metallurgical concentration of selenium remains unchanged despite the anneal, there may be a relative change in the interstitial-substitutional fraction of the selenium atoms [9] . It would be useful to measure the depth profile of the electrically active selenium, though at these high concentrations capacitance-voltage measurements are typically unreliable. Time-of-flight SIMS may yield higher resolution data at the contact interface, but that measurement remains a probe of the metallurgical rather than electrical concentration. A study of the bonding between selenium and the host atoms using Fourier transform infrared spectroscopy (FTIR) may yield useful information about the dominant mechanisms that inhibit the diffusion [9] . Nevertheless, we conclude from these data that (1) the diffusion of selenium is inhibited within the GainAsN lattice, (2) there is little propensity for selenium to diffuse into or out of a GainAsN lattice, and (3) the GainAsN layer is significantly more resilient to changes in electrical characteristics during a high-temperature anneal than a bare GaAs layer.
SUMMARY
We have shown in this paper that there are significant differences in the depth profiles between similar structures grown upright and inverted. The concentrations of the dopants in the various layers may shift from their design 978-1-4244-1641-7/08/$25.00 ©2008 IEEE concentrations because of diffusion during the lengthy growths. The top contact layer, grown early in the inverted device, is especially susceptible to changes in carrier concentration and specific contact resistance. These differences may affect the performance of the final solar cells. While the ability to grow cells in an inverted configuration may enable technological advancements in solar cell efficiency, it is imperative that the designer take proper consideration of the difference in the growth direction.
